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A semiconductor device includes: a semiconductor substrate
made of a hexagonal Group III nitride semiconductor and
having a semi-polar plane; and an epitaxial layer formed on
the semi-polar plane of the semiconductor substrate and
including a first cladding layer of a first conductive type, a
second cladding layer of a second conductive type, and a
light-emitting layer formed between the first cladding layer
and the second cladding layer, the first cladding layer being
made of In,, Al Ga, _,, N, where x1>0 and y1>0, the sec-
ond cladding layer being made of In,,Al,Ga, ., ,N,
whereO=x2=<about 0.02 and about 0.03<y2=about 0.07.
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1
SEMICONDUCTOR DEVICE

CROSS REFERENCES TO RELATED
APPLICATIONS

The present application claims priority to Japanese Priority
Patent Application JP 2012-029042 filed in the Japan Patent
Office on Feb. 14, 2012, the entire content of which is hereby
incorporated by reference.

BACKGROUND

The present disclosure relates to a semiconductor device,
and more specifically the disclosure relates to a hexagonal
Group 111 nitride semiconductor device.

Laser diodes are presently utilized in numerous technical
fields, and in particular, the laser diodes are indispensable
optical devices in the field of image display units, for
example, televisions and projectors. In the application of laser
diodes to this field, laser diodes emitting light of respective
light’s primary colors, i.e., red, green, and blue are typically
used, and an improvement in laser characteristics are also
desired.

Japanese Unexamined Patent Application Publication No.
2002-335052 discloses a nitride-based laser diode device
used in a short wavelength region of about 375 nm or less and
having a configuration in which a nitride semiconductor layer
including Al and In is formed in one or both of two cladding
layers sandwiching an active layer (a light-emitting layer). In
Japanese Unexamined Patent Application Publication No.
2002-335052, for example, an n-side cladding layer and a
p-side cladding layer are made of InAlGaN and AlGaN,
respectively, to achieve suppression of crystallinity deterio-
ration and an improvement in device characteristics.

Red and blue laser diodes have been already practically
used, and in recent years, green laser diodes (with a wave-
length of about 500 nm to about 560 nm both inclusive) have
been actively developed (for example, refer to Takashi
Kyono, et al., “The world’s first true green laser diodes on
novel semi-polar {2, 0, =2, 1} GaN substrate 17, Jan. 2010,
SEI Technical Review, Vol. 176, pp. 88-92, and Masahiro
Adachi, et al., “The world’s first true green laser diodes on
novel semi-polar {2, 0, =2, 1} GaN substrate 117, January
2010, SEI Technical Review, Vol. 176, pp. 93-96). In Takashi
Kyono, et al. and Masahiro Adachi, et al., there is proposed a
Group 11 nitride laser diode (a green laser diode) in which an
n-type cladding layer, a light-emitting layer including an
active layer made of InGaN, and a p-type cladding layer, that
is, laser components are laminated in this orderon a {2,0, -2,
1} semi-polar plane of an n-type GaN substrate. It is to be
noted that, in this specification, plane orientation of a hex-
agonal crystal is represented by {h, k, 1, m}, where h,k, 1, and
m are plane indices.

In Takashi Kyono, et al. and Masahiro Adachi, et al., a
green laser diode having superior crystal quality while sup-
pressing an influence of a piezoelectric field is achieved
through forming an epitaxial layer on the semi-polar plane of
a GaN substrate by crystal growth. However, in a laser diode
device in which a device is formed on a semi-polar plane of a
semiconductor substrate, characteristics of the substrate and
characteristics of the epitaxial layer formed on or above the
substrate are different from those in a laser diode device in
which a device is formed on a polar plane of a semiconductor
substrate. Therefore, further development of laser diodes
using a semi-polar plane of a semiconductor substrate is
desired.
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2
SUMMARY

It is desirable to provide a semiconductor device reducing
an operating voltage and having superior reliability in a
nitride-based semiconductor device using a semi-polar sub-
strate.

According to an embodiment of the disclosure, there is
provided a semiconductor device including: a semiconductor
substrate made of a hexagonal Group 111 nitride semiconduc-
tor and having a semi-polar plane; and an epitaxial layer
formed on the semi-polar plane of the semiconductor sub-
strate and including a first cladding layer of a first conductive
type, asecond cladding layer of a second conductive type, and
a light-emitting layer formed between the first cladding layer
and the second cladding layer, the first cladding layer being
made of In,, Al Ga, _,, N, where x1>0 and y1>0, the sec-
ond cladding layer being made of In,,Al ,Ga, , ,N, where
O=x2=about 0.02 and about 0.03=<y2=<about 0.07.

In the semiconductor device according to the embodiment
of the disclosure, an Al composition ratio y2 of the second
cladding layer is about 0.07 or less; therefore, an oxygen
concentration in the second cladding layer is reduced, and an
operating voltage is reduced. Moreover, since the Al compo-
sition ratio y2 is about 0.03 or over, an optical confinement
factor is increased, and internal loss is reduced, thereby
reducing a threshold current.

According to the embodiment of the disclosure, in a
nitride-based semiconductor device using a semi-polar sub-
strate, the operating voltage is reduced; therefore, a semicon-
ductor device with high reliability is obtainable.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary, and are intended to provide further explanation of the
technology as claimed.

Additional features and advantages are described herein,
and will be apparent from the following Detailed Description
and the figures.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying drawings are included to provide a
further understanding of the technology, and are incorporated
in and constitute a part of this specification. The drawings
illustrate embodiments and, together with the specification,
serve to explain the principles of the technology.

FIG. 1 is a schematic sectional view of a laser diode device
according to an embodiment of the disclosure.

FIGS. 2A and 2B are diagrams illustrating a “‘c” plane and
“m” plane in a crystal structure of GaN, respectively.
FIG. 3 is a diagram illustrating a semi-polar plane in the
crystal structure of GaN.

FIG. 4 is a plot illustrating oxygen concentrations in sec-
ond cladding layers in samples 1 to 3.

FIG. 5 is a plot illustrating volt-ampere characteristics in
the samples 1 to 3.

FIG. 6 is a plot illustrating observations of second cladding
layers in the sample 1 and samples 4 to 8.

FIG. 7 is aplot illustrating a superimposing of a theoretical
curve of a critical film thickness upon the observations of the
second cladding layers in the sample 1 and the samples 4 to 8.

FIG. 8 is a plot illustrating results of the sample 1 and the
samples 4 to 8 in terms of a lattice mismatch.

FIG. 9 is a plot illustrating calculation results showing
dependence of internal loss o, and an optical confinement
factor I on an Al composition ratio of the second cladding
layer.
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FIG. 10 is a plot illustrating experimental results obtained
through measuring variations in a threshold current with
varying an Al composition ratio of the second cladding layer.

FIG. 11 is a plot illustrating preferable ranges of an Al
composition ratio y2 and an In composition ratio x2 of
In,,Al,Ga,_,,_,,N forming the second cladding layer, based
on the experimental results.

DETAILED DESCRIPTION

A semiconductor device according to an embodiment of
the disclosure will be described as a laser diode device refer-
ring to the accompanying drawings. The embodiment of the
present disclosure will be described in the following order. It
is to be noted that the present disclosure is not limited to the
following examples.

1. Configuration of Laser Diode Device

2. Configuration of Second Cladding Layer

(1. Configuration of Laser Diode Device)

[Entire Configuration of Laser Diode Device|

FIG. 1 illustrates a schematic sectional view of the laser
diode device according to an embodiment of the disclosure. A
laser diode device 13 includes a semiconductor substrate 1, an
epitaxial layer 2, an insulating layer 10, a first electrode 12,
and asecond electrode 11. In the laser diode device 13 accord-
ing to the embodiment, the epitaxial layer 2, the insulating
layer 10, and the first electrode 12 are formed in this order on
one surface 1a of the semiconductor substrate 1. Moreover,
the second electrode 11 is formed on the other surface 156 of
the semiconductor substrate 1. It is to be noted that, as will be
described later, the semiconductor substrate 1 is a semi-polar
base having, for example, a {2, 0, =2, 1} semi-polar plane or
the like as a semi-polar plane 1a, and the epitaxial layer 2, the
insulating layer 10, and the first electrode 12 are laminated in
a direction of a normal to the semi-polar plane 1a.

Although not illustrated, the laser diode device 13 has a
substantially rectangular parallelepiped shape, and a pair of
facets (side surfaces) facing each other of a laminate sand-
wiched between the first electrode 12 and the second elec-
trode 11 serve as resonator facets. A length between the pair
of resonator facets is, for example, about several hundreds of
micrometers.

[Configurations of Respective Components|

Next, configurations of respective components of the laser
diode device 13 according to the embodiment will be
described in detail below.

(1) Semiconductor Substrate

The semiconductor substrate 1 is made of, for example, a
hexagonal Group III nitride semiconductor such as GaN,
AIN, AlGaN, InGaN, or InAlGaN. Moreover, as the semi-
conductor substrate 1, a substrate of which conductivity of
carriers is n-type may be used. In the embodiment, one sur-
face where the epitaxial layer 2, the insulating layer 10, and
the first electrode 12 are formed of the semiconductor sub-
strate 1 configures the semi-polar plane 1a, instead of a
c-plane (a polar plane).

FIGS. 2A, 2B, and 3 illustrate a crystal structure of GaN.
As illustrated in FIGS. 2A and 2B, GaN has a crystal structure
called “hexagonal crystal”, and a piezoelectric field generated
in a light-emitting layer is generated along a c-axis; therefore,
ac-plane 201 (a {0, 0,0, 1} plane) orthogonal to the c-axis has
polarity, and is called “polar plane”. On the other hand, since
an m-plane 202 (a {1, 0, -1, 0} plane) orthogonal to an m-axis
is parallel to the c-axis, the m-plane 202 is non-polar, and is
called “non-polar plane”. On the contrary, a plane having a
normal tilted at a predetermined angle with respect to the
c-axis toward the m-axis, for example, a plane (a {2, 0,-2,1}
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plane 203) having a normal tilted at 75° with respect to the
c-axis toward the m-axis in an example illustrated in FIG. 3 is
an intermediate plane between the c-plane and the m-plane,
and is called “semi-polar plane”. The semi-polar plane has a
property of being relaxed more easily than the c-plane.

When the epitaxial layer 2, the insulating layer 10, and the
first electrode 12 are formed on the semi-polar plane 1a of the
semiconductor substrate 1 as in the embodiment, for
example, green light with a wavelength around 500 nm is
allowed to be oscillated.

As the semi-polar plane 1a, a crystal plane having a normal
tilted at an angle ranging from about 45° to about 80° both
inclusive or from about 100° to about 135° both inclusive with
respect to the c-axis toward an the m-axis may be used.

Moreover, to obtain emission of light with a long wave-
length, an angle between the normal to the semi-polar plane
1a and the c-axis is preferably within a range from about 63°
to about 80° both inclusive or from about 100° to about 117°
both inclusive. Within these angle ranges, piezoelectric polar-
ization in a light-emitting layer 6 which will be described later
in the epitaxial layer 2 is reduced, and In is favorably intro-
duced during active layer growth (formation) to allow a vari-
able range of In composition ratio in the light-emitting layer
6 (the active layer) to be expanded. Therefore, emission of
light with a long wavelength is easily obtainable with the
angle between the normal to the semi-polar plane 1a and the
c-axis set within the above-described angle ranges.

As the semi-polar plane 1a having the normal within the
angle ranges, for example, a crystal plane suchas a {2, 0, -2,
1} plane, a {1,0, -1, 1} plane, a {2, 0, -2, -1} plane, ora {1,
0, -1, -1} plane may be used. It is to be noted that a crystal
plane slightly tilted at about +4° with respect to any of these
crystal planes may be used as the semi-polar plane 1a. In the
embodiment, n-type GaN is used for the semiconductor sub-
strate 1, and a {2, 0, -2, 1} plane of the semiconductor
substrate 1 serves as one main plane. Since GaN is a gallium-
nitride-based semiconductor which is a binary compound, a
stable substrate plane (a main plane) with high crystal quality
is able to be provided.

(2) Epitaxial Layer, Insulating Layer, First Electrode, Sec-
ond Electrode

Next, the epitaxial layer 2, the insulating layer 10, the first
electrode 12, and the second electrode 11 of the laser diode
device 13 according to the embodiment will be described
below.

In the embodiment, as illustrated in FIG. 1, the epitaxial
layer 2 includes a buffer layer 3, a first cladding layer 4, a first
light guide layer 5, the light-emitting layer 6, a second light
guide layer 7, a second cladding layer 8, and a contact layer 9.
The buffer layer 3, the first cladding layer 4, the first light
guide layer 5, the light-emitting layer 6, the second light guide
layer 7, the second cladding layer 8, and the contact layer 9
are laminated in this order on the semi-polar plane 1a of the
semiconductor substrate 1.

The buffer layer 3 is formed on the semi-polar plane 1qa as
one main plane of the semiconductor substrate 1, and is
configured of a gallium-nitride-based semiconductor layer
doped with an n-type dopant. More specifically, the buffer
layer 3 may be configured of, for example, an n-type GaN
layer, and Si may be used as an n-type dopant.

The first cladding layer 4 is formed on the buffer layer 3,
and is configured of one or more gallium-nitride-based semi-
conductor layers doped with an n-type dopant. More specifi-
cally, the first cladding layer 4 may be configured of an n-type
In,, Al Ga,_,, ,,N layer, where x1>0 and y1>0, and Si may
be used as an n-type dopant. Since the first cladding layer 4 is
made of a quaternary system of InAlGaN, a band gap is
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adjustable while obtaining a lattice match to the semi-polar
plane 1a of the semiconductor substrate 1. The first cladding
layer 4 preferably has a thickness of, for example, about 700
nm or over.

The first light guide layer 5 is formed on the first cladding
layer 4, and is configured of one or more gallium-nitride-
based semiconductor layers. More specifically, the first light
guide layer 5 may be configured of, for example, a non-doped
or n-type GaN layer, a non-doped or n-type InGaN layer, or a
non-doped or n-type InAlGaN layer, and Si may be used as an
n-type dopant.

The light-emitting layer 6 is formed on the first light guide
layer 5, and is configured through alternately laminating a
well layer and a barrier layer (both not illustrated) configured
of non-doped, that is, not doped with impurities, or n-type
gallium-nitride-based semiconductor layers. More specifi-
cally, the well layer and the barrier layer are configured of, for
example, non-doped or n-type AlGaN layers, non-doped or
n-type GaN layers, non-doped or n-type InGaN layers, or
non-doped or n-type InAlGaN layers, and Si may be used as
an n-type dopant. At this time, the barrier layer is configured
to have a band gap larger than a band gap of the well layer.

The light-emitting layer 6 may have a single quantum well
structure including one well layer or a multiple quantum well
structure in which a plurality of well layers and a plurality of
barrier layers are alternately disposed. In the embodiment, the
light-emitting layer 6 oscillating light with a wavelength of
about 430 nm to about 570 nm both inclusive may be formed
through laminating respective layers on the semi-polar plane
1a of the semiconductor substrate 1. Moreover, the configu-
ration of the laser diode device 13 according to the embodi-
ment is suitable for oscillation of light with a wavelength of
about 480 nm to about 550 nm both inclusive.

The second light guide layer 7 is formed on the light-
emitting layer 6, and is configured of one or more gallium-
nitride-based semiconductor layers. More specifically, the
second light guide layer 7 may be configured of, for example,
a non-doped or p-type GaN layer or a non-doped or p-type
InGaN layer, and Mg may be used as a p-type dopant.

The second cladding layer 8 is formed on the second light
guide layer 7, and is configured of one or more gallium-
nitride-based semiconductor layers. More specifically, the
second cladding layer 8 may be configured of a p-type
In,,Al,,Ga,_,, ,N layer, where O=x2=<about 0.02 and about
0.03=y2=about 0.07, and Mg may be used as a p-type dopant.
Moreover, the second cladding layer 8 preferably has a thick-
ness of, for example, about 200 nm or over. In the laser diode
device 13 according to the embodiment, in particular, a volt-
age and a threshold current are reduced through specifying
the composition of the second cladding layer 8 within a more
preferable range. Factors determining preferable composi-
tion of the second cladding layer 8 and a thickness of the
second cladding layer 8 will be described later.

The contact layer 9 is formed on the second cladding layer
8, and is configured of a gallium-nitride-based semiconductor
layer doped with a p-type dopant. More specifically, the con-
tact layer 9 may be configured of, for example, a p-type GaN
layer, and Mg may be used as a p-type dopant.

The insulating layer 10 is formed on the contact layer 9, and
has an opening in a part thereof The insulating layer 10 may
be formed of, for example, an insulating material such as SiO,
or SiN.

The first electrode 12 is configured of one or more conduc-
tive films, and is formed on the insulating layer 10 including
the contact layer 9 exposed from the opening of the insulating
layer 10, and is electrically connected to the contact layer 9. A
material which is ohmic-contactable with the contact layer 9
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may be used as a conductive material forming the first elec-
trode 12. The first electrode 12 may be configured of, for
example, a Pd film, and may be configured of a single layer or
a plurality of layers.

The second electrode 11 is configured of one or more
conductive films, and is formed on the other plane (a back
surface 15) of the semiconductor substrate 1. The second
electrode 11 may be configured of, for example, an Al film,
and may be configured of one layer or a plurality of layers. In
the embodiment, when a desired current flows between the
first electrode 12 and the second electrode 11, green laser
light with a wavelength of about 480 nm to about 550 nm both
inclusive is obtained.

(2. Configuration of Second Cladding Layer)

Inventors of the present disclosure carried out various veri-
fications ofthe configuration of the second cladding layer 8 in
the laser diode device 13 according to the embodiment to find
out a preferable composition of the second cladding layer 8
and a preferable thickness of the second cladding layer 8.

In the case where the concentration of Al forming the
second cladding layer 8 is high, oxygen (O) in the second
cladding layer 8 is increased to reduce a p-type carrier con-
centration in the second cladding layer 8 which is essentially
p-type, resulting in an increased operating voltage. On the
other hand, in terms of optical confinement and internal loss,
the higher the Al concentration is, the lower a threshold cur-
rent is obtained. A critical film thickness specifying a range
where coherent growth is possible is also varied by the Al
composition. Therefore, in the embodiment, a preferable
range of the composition of the second cladding layer 8 was
determined in terms of mainly an oxygen concentration limit,
a critical film thickness (a lattice mismatch limit), and a low
threshold current.

An experiment verifying preferable ranges of an Al com-
position ratio and an In composition ratio in the second clad-
ding layer 8 in the laser diode device 13 according to the
embodiment will be described below. A plurality of laser
diode devices with different compositions of the second clad-
ding layer 8 were fabricated, and the experiment was carried
out on the laser diode devices as samples.

First, the oxygen concentrations contained in samples (la-
ser diode devices) 1 to 3 in which an In composition ratio x2
and Al composition ratio y2 of the second cladding layer 8
made of In,,Al ,Ga, ,, ,N were varied, and volt-ampere
characteristics of the samples 1 to 3 were measured.

[Sample 1]

Composition of the semiconductor substrate 1 and the
respective layers of the epitaxial layer 2 configuring the laser
diode device according to the sample 1 will be described
below.

The semiconductor substrate 1 was configured of an n-type
GaN layer, and a {2, 0, -2, 1} semi-polar plane served as a
crystal growth plane. The bufter layer 3 was configured of an
n-type GaN layer with a thickness of 1100 nm. Moreover, in
the buffer layer 3, Si was used as an n-type impurity. The first
cladding layer 4 was configured of an n-type
Ing o5Al, ;| 4Gag ;N layer with a thickness of 1200 nm. More-
over, in the first cladding layer 4, Si was used as an n-type
impurity.

The first light guide layer 5 had a three-layer configuration
(not illustrated) including a first crystal layer, a second crystal
layer, and a third crystal layer formed in this order of close-
ness to the first cladding layer 4. The first crystal layer of the
first light guide layer 5 was configured of an n-type GaN layer
with a thickness of 250 nm. Moreover, in the first crystal
layer, Si was contained as an n-type impurity. The second
crystal layer of the first light guide layer 5 was configured of
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ann-type In, o,sGag 555N layer with a thickness of 114 nm. In
the second crystal layer, Si was contained as an n-type impu-
rity. The third crystal layer of the first light guide layer 5 was
configured of a non-doped In, 45Ga, 555N layer with a thick-
ness of 1 nm.

The light-emitting layer 6 was made of non-doped
In, ;Ga, N with a thickness of 3 nm. The second light guide
layer 7 had a three-layer configuration (not illustrated)
including a first crystal layer, a second crystal layer, and a
third crystal layer formed in this order of closeness to the
light-emitting layer 6. The first crystal layer of the second
light guide layer 7 was configured of a non-doped
Ing 4,5Ga, 75N layer with a thickness of 75 nm. The second
crystal layer of the second light guide layer 7 was configured
of'ap-type GaN layer with a thickness of 15 nm. In the second
crystal layer, Mg was used as a p-type impurity. The third
crystal layer of the second light guide layer 7 was configured
of'ap-type GaN layer with a thickness of 200 nm. In the third
crystal layer, Mg was contained as a p-type impurity.

The second cladding layer 8 had a two-layer configuration
(not illustrated) including a first crystal layer and a second
crystal layer formed in this order of closeness to the second
light guide layer 7. The first crystal layer and the second
crystal layer of the second cladding layer 8 were configured of
p-type Al osGa, o,N layers with different impurity concen-
trations, and each had a thickness of 200 nm. In the first
crystal layer and the second crystal layer of the second clad-
ding layer 8, Mg was used as a p-type impurity.

The contact layer 9 had a two-layer configuration (not
illustrated) including a first crystal layer and a second crystal
layer formed in this order of closeness to the second cladding
layer 8. The first crystal layer and the second crystal layer of
the contact layer 9 were configured of p-type GaN layers with
different impurity concentrations, and the first crystal layer
and the second crystal layer were formed to have thicknesses
of 40 nm and 10 nm, respectively. Moreover, in the first
crystal layer and the second crystal layer of the contact layer
9, Mg was used as a p-type impurity.

[Sample 2]

The sample 2 is different from the sample 1 in only the
composition of the second cladding layer 8; therefore, only
the configuration of the second cladding layer 8 will be
described below, and configurations of the other layers will
not be further described.

In the sample 2, the second cladding layer 8 has a two-layer
configuration including a first crystal layer and a second
crystal layer formed in this order of closeness to the second
light guide layer 7. In the sample 2, the first crystal layer and
the second crystal layer of the second cladding layer 8 were
configured of p-type In, o, sAl, o,Gag o, sN layers with difter-
ent impurity concentrations, each having a thickness of 200
nm. In the first crystal layer and the second crystal layer of the
second cladding layer 8, Mg was used as a p-type impurity.

[Sample 3]

The sample 3 is different from the sample 1 in only the
composition of the second cladding layer 8; therefore, only
the configuration of the second cladding layer 8 will be
described below, and the configuration of the other layers will
not be further described.

In the sample 3, the second cladding layer 8 has a two-layer
configuration including a first crystal layer and a second
crystal layer formed in this order of closeness to the second
light guide layer 7. In the sample 3, the first crystal layer and
the second crystal layer of the second cladding layer 8 were
configured of p-type In, o3 Al, | ,Gag ;N layers with different
impurity concentrations, each having a thickness of 200 nm.
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In the first crystal layer and the second crystal layer of the
second cladding layer 8, Mg was used as a p-type impurity.

FIG. 4 is a plot illustrating oxygen concentrations in the
second cladding layers 8 in the samples 1 to 3. In FIG. 4, a
horizontal axis represents the Al composition ratio in the
second cladding layer 8, and a vertical axis represents the
oxygen concentration in the second cladding layer 8. More-
over, FIG. 5 illustrates volt-ampere characteristics in the
samples 1 to 3. In FIG. 5, a horizontal axis represents a current
value, and a vertical axis represents a voltage value.

Itis found out from FIG. 4 that the oxygen concentration in
the second cladding layer 8 has dependence on the Al com-
position ratio in the second cladding layer 8, and the oxygen
concentration is decreased with a decrease in the Al compo-
sition ratio. On the other hand, it is found out from FIG. 5 that
a voltage with respect to a same current is decreased with a
decrease in the Al composition ratio in the second cladding
layer 8. As described above, this is because an increase in the
oxygen concentration in the second cladding layer 8 causes a
decrease in the p-type carrier concentration in the second
cladding layer 8, which leads to an increase in resistance.

As illustrated in FIGS. 4 and 5, it was confirmed that the
oxygen (impurity) concentration contained in the second
cladding layer 8 was decreased through decreasing the Al
composition ratio of the second cladding layer 8, thereby
enabling a reduction in voltage. Moreover, it was confirmed
that, compared to the sample 3 (with an Al composition ratio
of 0.14 and an oxygen concentration of 8.0x10'"/cm?), a
lower voltage was achievable in the sample 2; and compared
to the sample 2, a lower voltage was achievable in the sample
1. A noticeable difference in voltage between the sample 3
and the sample 2 was observed. Therefore, in terms of the
oxygen concentration, it may be said that the Al composition
ratio of the second cladding layer 8 is preferably about 0.07 or
less.

The critical film thickness is one factor determining the Al
composition ratio of the second cladding layer 8. The critical
film thickness is a film thickness limit for coherent growth of
an epitaxial layer, and the value of the critical film thickness
varies with varying the composition ratio of the epitaxial
layer. Therefore, the critical film thickness was evaluated with
use of samples (laser diode devices) 1 and 4 to 8 with different
Al composition ratios y2 of the second cladding layer 8 made
ofIn,,Al ,Ga, _,, ,,N, where x2=0 and y2>0. The sample 1 is
the above-described sample 1. Composition of each of the
samples 4 to 8 will be described below.

[Sample 4]

The sample 4 is different from the sample 1 in only the
composition of the second cladding layer 8; therefore, only
the configuration of the second cladding layer 8 will be
described below, and configurations of the other layers will
not be further described.

The second cladding layer 8 in the sample 4 had a two-layer
configuration including a first crystal layer and a second
crystal layer in this order of closeness to the second light
guide layer 7. In the sample 4, the first crystal layer and the
second crystal layer of the second cladding layer 8 were
configured of p-type Al; ,Ga,osN layers with different
impurity concentrations, each having a thickness of 200 nm.
In the first crystal layer and the second crystal layer of the
second cladding layer 8, Mg was used as a p-type impurity.

[Sample 5]

The sample 5 is different from the sample 1 in only the
composition and the thickness of the second cladding layer 8;
therefore, only the configuration of the second cladding layer
8 will be described below, and the configurations of the other
layers will not be further described.
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The second cladding layer 8 in the sample 5 had a single-
layer configuration, and was configured of a p-type
Al 4Gag o6N layer with a thickness of 250 nm. Moreover,
Mg was used as a p-type impurity.

[Sample 6]

The sample 6 is different from the sample 1 in only the
composition of the second cladding layer 8; therefore, only
the configuration of the second cladding layer 8 will be
described below, and the configurations of the other layers
will not be further described.

The second cladding layer in the sample 6 had a two-layer
configuration including a first crystal layer and a second
crystal layer formed in this order of closeness to the second
light guide layer 7. The first crystal layer and the second
crystal layer of the second cladding layer 8 in the sample 6
were configured of p-type Al ,sGa, 45N layers with different
impurity concentrations, each having a thickness of 200 nm.
In the first crystal layer and the second crystal layer of the
second cladding layer 8, Mg was used as a p-type impurity.

[Sample 7]

The sample 7 is different from the sample 1 in only the
composition of the second cladding layer 8; therefore, only
the configuration of the second cladding layer 8 will be
described below, and the configurations of the other layers
will not be further described.

The second cladding layer 8 in the sample 7 had atwo-layer
configuration including a first crystal layer and a second
crystal layer formed in this order of closeness to the second
light guide layer 7. The first crystal layer and the second
crystal layer of the second cladding layer 8 in the sample 7
were configured of Al, ,,Ga, 5N layers with different impu-
rity concentration, each having a thickness of 200 nm. In the
first crystal layer and the second crystal layer of the second
cladding layer 8, Mg was used as a p-type impurity.

[Sample 8]

The sample 8 is different from the sample 1 in only the
composition of the second cladding layer 8; therefore, only
the configuration of the second cladding layer 8 will be
described below, and the configurations of the other layers
will not be further described.

The second cladding layer 8 in the sample 8 had atwo-layer
configuration including a first crystal layer and a second
crystal layer in this order of closeness to the second light
guide layer 7. The first crystal layer and the second crystal
layer of the second cladding layer 8 in the sample 8 were
configured of p-type Al,,;,Ga, 4N layers with different
impurity concentrations, each having a thickness of 200 nm.
In the first crystal layer and the second crystal layer of the
second cladding layer 8, Mg was used as a p-type impurity.

FIG. 6 illustrates a relationship of the second cladding
layers 8 in the samples 1 and 4 to 8. Moreover, FIG. 7 illus-
trates a theoretical curve of the critical film thickness with
respect to the Al composition ratio. Characteristic points in
FIG. 6 are also illustrated in FIG. 7. In FIG. 6, a horizontal
axis represents the Al composition ratio, and a vertical axis
represents the film thickness. Herein, the theoretical curve
illustrated in FIG. 7 is a calculated critical film thickness with
respectto an Al compositionratio in the case where an AlGaN
layer is epitaxially grown on a {1, 1, -2, 2} plane of a GaN
substrate, and is quoted from a calculation result by D. Holec,
etal (D. Holec, et al, J. Appl. Phys. 104, 123514(2008)). The
theoretical curve represents the film thickness limit for coher-
ent growth (critical film thickness), and a region below the
theoretical curve is a coherent growth region, and a region
above the theoretical curve is a lattice relaxation growth
region.
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In an experiment, X-ray diffraction reciprocal lattice map-
ping measurement was performed on the samples 1 and 4 to 8.
As a result, in the samples 1 and 4 to 6, the second cladding
layer 8 coherently grown along an a-axis direction was
observed, and in the samples 7 and 8, the second cladding
layer 8 grown at a tilt around the a-axis as a rotation axis was
observed.

Moreover, it is found out from FIG. 7 that, when the obser-
vations in the samples 1 and 4 to 8 is compared to the theo-
retical curve, the observations in the actual samples are sub-
stantially coincident to a tendency shown by the theoretical
curve, though the coherent growth regions in the actual
samples are larger than that in the theoretical curve. There-
fore, when the film thickness of the second cladding layer 8 is
equal to or smaller than the critical film thickness represented
by the theoretical curve, the second cladding layer 8 is able to
be coherently grown. It may be said from the theoretical curve
and the observations that the critical film thickness when the
Al composition ratio is 0.07 is about 250 nm, and the critical
film thickness when the Al composition ratio is 0.06 is about
400 nm.

Moreover, it was found out from findings by the inventors
of the disclosure that, to coherently grow an AlGaN layer up
to a film thickness of 400 nm, a critical Al composition ratio
was about 6%. In other words, to grow the AlGaN layer to a
film thickness of 400 nm or larger, the composition of the
second cladding layer 8 is preferably Al ,Ga, N, where
x2=0.06.

A preferable composition of the second cladding layer 8
obtained from the experimental results in FIG. 7 is deter-
mined only in consideration of the case where the second
cladding layer 8 is formed of ternary AlGaN. Therefore, the
composition of the second cladding layer 8 formed of quater-
nary InAlGaN was studied. The composition of an epitaxial
layer allowed to be coherently grown was determined as
below in terms of lattice mismatch.

Typically, the lattice mismatch of an epitaxial layer with
respect to a substrate is determined by a ratio of a difference
in lattice constant between the substrate and the epitaxial
layer to the lattice constant of the substrate. In other words,
the lattice mismatch is represented by da/a, where da=a'-a,
the lattice constant of the substrate is “a”, and the lattice
constant of the epitaxial layer is “a”. These lattice constants
a and a' are determined by a general expression called “Veg-
ard’s law”.

As described above, it was found out that a critical value of
the Al composition ratio allowing the AlGaN layer to be
coherently grown on a semiconductor substrate made of GaN
up to a film thickness of about 400 nm was 0.06. Therefore,
the lattice mismatch of an AlGaN layer with an Al composi-
tion ratio of 0.06 with respect to the substrate made of GaN is
represented by the following mathematical expression 1.

da [Mathematical Expression 1]
— =-0.00145
a

193

where da=a'-a, “a”™ is an a-axis lattice constant of
Al ,6Ga, o,N, and “a” is an a-axis lattice constant of the GaN
substrate.

Therefore, when |da/al=0.00145 is established, the epi-
taxial layer (the AlGaN layer) is coherently grown while
maintaining lattice continuity.

FIG. 8 is a plot illustrating results of the samples 1 and 4 to
8 in terms of lattice mismatch. In FIG. 8, a horizontal axis
represents the lattice mismatch, and a vertical axis represents
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the film thickness. Such a relationship between the lattice
mismatch and the film thickness is applicable to the case
where the second cladding layer 8 is configured of a quater-
nary InAlGaN layer. Therefore, in the case where the second
cladding layer 8 is configured of an InAlGaN layer, a com-
position satisfying a condition represented by the following
mathematical expression 2 may be selected.

da [Mathematical Expression 2]

‘—‘ =0.00145
a

195

where da=a'-a, and “a" is a lattice constant of In,,Al ,
Ga,_,,,,N, and “a” is a lattice constant of a GaN substrate.

Next, in terms of threshold current, the composition of the
second cladding layer 8 was studied. A general expression of
threshold current density J,, in a laser diode device is shown
in a mathematical expression 3.

[Mathematical Expression 3]
N R
= Tt 1Y T L \ReR,

where 1 is internal quantum efficiency, d is a thickness of
an active layer, I is an optical confinement factor, ¢, is inter-
nalloss, L is aresonator length, R -and R, are facet reflectivity
of a front surface and a back surface, respectively, J, is nec-
essary current density obtaining a gain, and g, is a gain.

A simplified relationship between a right-hand side and a
left-hand side of the mathematical expression 3 is represented
by a mathematical expression 4.

T o0 /T [Mathematical Expression 4]

It is found out from the mathematical expression 4 that, in
the laser diode device, the smaller the internal loss @, is, the
lower the threshold current is obtained, and the larger the
optical confinement factor I' is, the lower the threshold cur-
rent is obtained. FIG. 9 illustrates calculation results repre-
senting dependence of the internal loss o, and the optical
confinement factor I' on the Al composition ratio of the sec-
ond cladding layer 8. In FIG. 9, a horizontal axis represents
the Al composition ratio (%) of the second cladding layer 8,
and a vertical axis represents the optical confinement factor I"
and a ratio /" (/cm) of the internal loss ., to the optical
confinement factor I'.

It was found out from FIG. 9 that the optical confinement
factor I" was increased with an increase in the Al composition
ratio of the second cladding layer 8. On the other hand, it was
found out that the internal loss o, was decreased with an
increase in the Al composition ratio, and as a result, the ratio
o./T" (/cm) of the internal loss a, to the optical confinement
factor I was decreased with an increase in the Al composition
ratio of the second cladding layer 8. It is found out from this
result that, in the laser diode device 13 according to the
embodiment, the larger the Al composition ratio of the second
cladding layer 8 is, the lower the threshold current is obtained.

Therefore, lasers were fabricated with use of samples (laser
diode devices) 9 to 13 with different Al composition ratios y2
and different dopant amounts in the second cladding layer 8
made of In,,Al ,Ga,_,, ,N, where x2=0 and y2>0, to mea-
sure the threshold current. The compositions of the samples 9
to 13 will be described below.
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[Sample 9]

The sample 9 has the same configuration as the sample 1,
and will not be further described.

[Sample 10]

The sample 10 is different from the sample 9 in only the
impurity concentrations in the first crystal layer and the sec-
ond crystal layer configuring the second cladding layer 8.
Other configurations are similar to those in the sample 9, and
will not be further described.

[Sample 11]

The sample 11 is different from the sample 1 in only the
composition of the second cladding layer 8; therefore, only
the configuration of the second cladding layer 8 will be
described below, and the configurations of the other layers
will not be further described.

The second cladding layer 8 in the sample 11 had a two-
layer configuration including a first crystal layer and a second
crystal layer formed in this order of closeness to the second
light guide layer 7. In the sample 11, the first crystal layer and
the second crystal layer of the second cladding layer 8 were
configured of p-type Al 435 Ga, 445N layers with different
impurity concentrations, each having a thickness of 200 nm.
Moreover, in the first crystal layer and the second crystal layer
of the second cladding layer 8, Mg was used as a p-type
impurity.

[Sample 12]

The sample 12 is different from the sample 11 in only the
impurity concentrations of the first crystal layer and the sec-
ond crystal layer configuring the second cladding layer 8.
Other configurations are similar to those in the sample 11, and
will not be further described.

[Sample 13]

The sample 13 is different from the sample 1 in only the
composition of the second cladding layer 8; therefore, only
the configuration of the second cladding layer 8 will be
described below, and the configurations of the other layers
will not be further described.

The second cladding layer 8 in the sample 13 had a two-
layer configuration including a first crystal layer and a second
crystal layer formed in this order of closeness to the second
light guide layer 7. In the sample 13, the first crystal layer and
the second crystal layer of the second cladding layer 8 were
configured of p-type Al; ,Ga,osN layers with different
impurity concentrations, each having a thickness of 200 nm.
Moreover, in the first crystal layer and the second crystal layer
of the second cladding layer 8, Mg was used as a p-type
impurity.

FIG. 10 illustrates experimental results obtained through
measuring variations in the threshold current when the Al
composition ratio of the second cladding layer 8 was varied.
The results obtained through measuring the threshold cur-
rents in the samples 9 to 13 show a tendency to reduce the
threshold current with an increase in the Al composition ratio,
being consistent with the calculation results illustrated in
FIG. 9.

Factors determining the internal loss o, includes the dopant
amount in addition to the Al composition ratio. In the case
where the dopant amount varies in spite of the same Al com-
positionratio (the same optical confinement), the internal loss
a, varies, and the threshold current varies, and as illustrated in
FIG. 10, when the dopant amount varies, the threshold current
tends to be reduced with an increase in the Al composition
ratio.

Moreover, since the threshold current varies by the com-
position or the film thickness of a light guide layer, the thresh-
old current is not uniquely determined; however, the Al com-
position ratio in the second cladding layer 8 is preferably
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about 0.03 or over in terms of the Al composition ratio of the
second cladding layer 8. Moreover, it is found out from FIG.
10 that there is a noticeable difference in the threshold current
between the case where the Al composition ratio of the second
cladding layer 8 is 0.03 and the case where the Al composition
ratio of the second cladding layer is 0.035, and when the Al
composition ratio of the second cladding layer 8 is about
0.035 or over, a further reduction in the threshold current is
achievable. Moreover, since a qualitatively favorable match
between the experimental results and the calculation results is
shown, when Al composition ratio is smaller than about 0.03,
the threshold current is expected to be about 200 mA or over
from a calculation result, which is not preferable in terms of
characteristics. In other words, in the embodiment, the Al
composition ratio of the second cladding layer 8 is preferably
about 0.03 or over, and more preferably about 0.035 or over.

A preferable composition of the second cladding layer 8
obtained from the experimental results in FIG. 10 is consid-
ered only in the case where the second cladding layer 8 is
formed of ternary AlGaN. Therefore, the composition in the
case where the second cladding layer 8 is formed of quater-
nary InAlGaN will be studied below. The optical confinement
factor I is related to refractive indices of respective layers,
and the refractive indices of the respective layers are related to
a band gap. Accordingly, with InAlGaN having a band gap
equivalent to a band gap of AlGaN (with an Al composition
ratio of about 0.03 or over), an optical confinement effect
equivalent to that in the above-described samples 9 to 13 is
obtained, and a reduction in the threshold current may be
achieved.

The band gap in the case where the second cladding layer
8 is made of Al, ,;Ga, o,N is Eg=3.45 eV (359.27 nm in
wavelength), and the band gap is increased with an increase in
the Al composition ratio. In other words, a relationship of the
Al composition ratio y220.03 in Al ,Ga,_,N is expressed in
terms of band gap as Eg=3.45 eV. Therefore, even in the case
where the second cladding layer 8 is made of quaternary
InAlGaN, as long as the band gap is within a range of Eg=3.45
eV, an optical confinement effect similar to that in AlGaN is
obtained, and a reduction in threshold current may be
achieved.

The above-described experimental results will be summa-
rized below. FIG. 11 is a plot illustrating preferable ranges of
the Al composition ratio y2 and the In composition ratio X2 in
In,,Al,Ga, ,, ,,N forming the second cladding layer 8,
based on the above-described experimental results. In FIG.
11, a horizontal axis represents the Al composition ratio y2,
and a vertical axis represents the In composition ratio x2.

First, the preferable range of the Al composition ratio y2 of
the second cladding layer 8 in terms of an oxygen concentra-
tion limit was y2=about 0.07, as illustrated in FIGS. 4 and 5.
Therefore, the upper limit of the Al composition ratio y2 in
In,Al ,Ga, , ,N forming the second cladding layer 8 is
about 0.07, and when the Al composition ratio y2 is equal to
or smaller than about 0.07, the oxygen concentration in the
second cladding layer 8 is suppressed, and electrical resis-
tance when energized is also reduced, therefore, a reduction
in voltage is achievable.

On the other hand, in terms of'the critical film thickness, the
preferable range of the Al composition ratio y2 allowing the
second cladding layer 8 to be coherently grown up to a film
thickness of about 400 nm is y2=about 0.06. Moreover, in
terms of lattice mismatch, to grow the second cladding layer
8 up to a thickness ofabout 400 nm, the second cladding layer
8 is preferably configured of an In,,Al ,Ga, ,, ,N layer
satisfying the above-described mathematical expression 2.

30

40

45

65

14

Moreover, in terms of threshold current, the preferable
range of the Al composition ratio y2 of the second cladding
layer 8 made of Al ,Ga,_,,N was y2=about 0.03, as illustrated
in FIG. 10. Therefore, the lower limit of the Al composition
ratio y2 of Al ,Ga, ,N forming the second cladding layer 8
is about 0.03, and when the Al composition ratio y2 is equal
to or larger than about 0.03, the optical confinement factor I'
is increased and the internal loss «, is decreased, and a reduc-
tion in the threshold current is achievable accordingly. More-
over, in terms of band gap, when the second cladding layer 8
made of In,Al ,Ga, _,, ,N has a band gap within a range of
Eg=about 3.45 eV, a reduction in threshold current is achiev-
able.

Preferable ranges of the Al composition and the In compo-
sition, determined by the above experimental results, in the
In,,Al ,Ga, , ,N layer configuring the second cladding
layer 8 in the embodiment are hatched in a graph in FIG. 11
(refer to a region S in FIG. 11). It is found out from FIG. 11
that the preferable range of the In composition ratio x2 in the
second cladding layer 8 is 0=<x2=about 0.02. In the laser diode
device 13 according to the embodiment, when the second
cladding layer 8 made of In,,Al ,Ga, ,, ,,N is formed with a
composition within the region S illustrated in FIG. 11, a laser
diode device with a reduced voltage and a reduced threshold
current is obtainable.

It is to be noted that, in the above-described embodiment,
an example in which the first cladding layer 4 is disposed
closer to the semiconductor substrate 1; however, in the case
where a p-type semiconductor substrate is used, effects simi-
lar to those in the embodiment of the disclosure are obtainable
through laminating respective layers from the first cladding
layer 4 to the second cladding layer 8 in reverse order. More-
over, the present disclosure is not limited to the above-de-
scribed embodiment, and may be variously modified without
departing from the scope of the embodiment.

The disclosure may have the following configurations.

(1) A semiconductor device including:

a semiconductor substrate made of a hexagonal Group III
nitride semiconductor and having a semi-polar plane;
and

an epitaxial layer formed on the semi-polar plane of the
semiconductor substrate and including a first cladding
layer of a first conductive type, a second cladding layer
of a second conductive type, and a light-emitting layer
formed between the first cladding layer and the second
cladding layer, the first cladding layer being made of
In,Al,Ga, , N, where x1>0 and y1>0, the second
cladding layer being made of In,,Al,Ga, ., ,N,
whereO=x2=<about 0.02 and about 0.03<y2=about 0.07.

(2) The semiconductor device according to (1), in which
composition of the second cladding layer is within a
range allowing a lattice mismatch da/a with respect to
the semiconductor substrate to satisfy |da/alsabout
0.00145, where da=a'-a, a lattice constant of the semi-
conductor substrate is “a”, and a lattice constant of the
epitaxial layer is “a”.

(3) The semiconductor device according to (1) or (2), in
which the composition of the second cladding layer is
determined to allow a band gap of the second cladding
layer to be about 3.45 eV or over.

(4) The semiconductor device according to any one of (1)
to (3), in which the second cladding layer has a thickness
of about 200 nm or over.

(5) The semiconductor device according to any one of (1)
to (4), in which an Al composition ratio y2 of the second
cladding layer is within a range of about
0.035=y2=about 0.06.
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(6) The semiconductor device according to any one of (1)
to (5), in which an In composition ratio x2 of the second
cladding layer is O.

It should be understood that various changes and modifi-
cations to the presently preferred embodiments described
herein will be apparent to those skilled in the art. Such
changes and modifications can be made without departing
from the spirit and scope of the present subject matter and
without diminishing its intended advantages. It is therefore
intended that such changes and modifications be covered by
the appended claims.

The invention is claimed as follows:

1. A semiconductor device comprising:

a semiconductor substrate made of a hexagonal Group III
nitride semiconductor and having a semi-polar plane;
and

an epitaxial layer formed on the semi-polar plane of the
semiconductor substrate and including an n-type clad-
ding layer, a p-type cladding layer, and a light-emitting
layer formed between the n-type cladding layer and the
p-type cladding layer, the n-type cladding layer com-
prised of In,, Al ,,Ga, , N, where x1>0 and y1>0, the
p-type cladding layer comprised of In,,Al ,Ga, ., ,N,
where O=x2=about 0.02 and about 0.03=y2<about 0.07,
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wherein all of the layers of the epitaxial layer are formed by
a coherent growth, and

wherein an oxygen concentration in the p-type cladding

layer is less than or equal to 4.0x10"7/cm’.

2. The semiconductor device according to claim 1, wherein
composition of the p-type cladding layer is within a range
allowing a lattice mismatch da/a with respect to the semicon-
ductor substrate to satisfy Ida/alsabout 0.00145, where
da=a'-a, a lattice constant of the semiconductor substrate is
“a”, and a lattice constant of the epitaxial layer is “a”.

3. The semiconductor device according to claim 2, wherein
the composition of the p-type cladding layer is determined to
allow a band gap of the p-type cladding layer to be about 3.45
eV or over.

4. The semiconductor device according to claim 3, wherein
the p-type cladding layer has a thickness of about 200 nm or
over.

5. The semiconductor device according to claim 4, wherein
an Al composition ratio y2 of the p-type cladding layer is
within a range of about 0.035=<y2=about 0.06.

6. The semiconductor device according to claim 5, wherein
an In composition ratio x2 of the p-type cladding layer is 0.
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